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This is the final report on the referenced NASA grant. The major product of the work is
of course the published results in the refereed literature, above all in the Astrophysical
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Of these, the papers that are a specific product of the present grant (or our preceding
IRAS activity) are papers # 109, 112, 119, 132, and 142 above. That is, for those papers
a credit line to the IRAS grant or contract appears in the publication.

The other papers are directly related in the sense that they are part of my overall effort to
understand the nature of the diffuse ultraviolet (not a misprint!) background.
Specifically, the reason I proposed on IRAS was to better understand the nature and
optical properties of dust at moderate and high galactic latitudes.

The reason that this was of importance is that my fundamental research program is
directed toward the elucidation of the nature of the diffuse ultraviolet background. Now
at low galactic latitudes, one expects that there will be diffuse ultraviolet scattered
starlight, just as there is in the visible. Again, looking toward moderate and high galactic
latitudes, one expects at some level to find ultraviolet starlight scattering from dust.

That is where IRAS came in: the "cirrus" discovered using IRAS is thermal radiation
from interstellar dust at moderate and high galactic latitudes. Thus, IRAS locates the
dust. It is this dust which must (at some level) scatter ultraviolet starlight. However, it
was not clear to us whether the cirrus that was observed was the whole thermal radiation

from dust, or whether we were simply seeing the "tip of the iceberg" and the structure
that is observed was not on top of a more or less uniform distribution of dust that would
not be revealed by IRAS because of zero-level determination problems. IRAS, after all,
was not created with the idea of studying diffuse radiation; it was intended for point
sources. The diffuse radiation was a bonus.

It occurred to me, that it might be possible to distinguish what was going on, by looking
for IRAS thermal emission in the direction of bright stars. The idea was (and is) that
such stars must heat LOCAL dust near those stars, and if the stars are located in a region
of essenially uniform emission that we would not be aware of normally using IRAS
(thingking that we were simply seeing instrumental background), the emission from the
dust would be revealed.

We have worked hard on this, with mixed results. Certainly we have acquired and
published a mass of data on the topic. But it is hard to interpret the results. We had
expected to f'md thermal emission around virtually every star; instead, most stars show no
detectable emission. And when we do find emission, it is not uniform emission: it is not

that the star is embedded in "an interstellar medium." Instead, we find discrete clouds

that are heated by the starlight. The clouds are not associated with the star; it is just
chance that the cloud happens to be near the star at this particular time, and is illuminated.

The exception is that we find a dearth of clouds near the very hottest stars, and by a
substantial factor. The implication is that the very hottest stars play an active role with
respect to the dust clouds, destroying them or modifying them substantially over time.
The other possiblility is simply that the hottest stars are located in regions lacking in dust,
which is very counterintuitive.



We intend to continueourwork with theIRAS dataunderotherauspices,thoughwe do
not rule out the thought that we might proposeagainasanADP IRAS program. The
work thatwearecurrentlydoingto extendthework doneunderthepresentgrant,is work
thatis supportedby theUSAir Force,wherewe arepreparinganelectronicmodelof the
diffuseultravioletradiationover thesky. TheIRAS datacontinueto play their basicrole
(for us)astracerof dust,which in turnscattersultravioletstarlight.

To completethis report,I attachareprintof ourpaper#132in theAstrophysicalJournal,
andapreprintof paper#142which iscurrentlyunderconsiderationfor publicationin the
AstrophysicalJournal.
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ABSTRACT

We have examined the neighborhood of 745 luminous stars in the IRAS Skyflux plates for the presence of
dust heated by the nearby star. This dust may be distinguished from the ubiquitous cool cirrus by its higher
temperature and thus enhanced 60 pm emission. We have found 123 dust clouds around only 106 of the stars
with a volume filling factor of 0.006 and an interctoud separation of 46 pc. Nowhere do we find a region
where the dust is smoothly distributed through the volume of space heated by the star and hence we place an
upper limit of 0.05 cm-3 on the equivalent gas density in the intercloud regions. From the lack of infrared
emission near the star, we find that less than 1% of the stellar luminosity is reprocessed within 10 pc of the
star.

The clouds, themselves, have an average density of 0.22 cm- _ (assuming a standard gas-to-dust ratio) and a
radius of 1.9 pc, albeit with wide variations in their properties. We have tentatively identified these clouds
with the warm, ionized medium of McKee & Ostriker. We have found two different scale heights of 140 and
540 pc for the number of clouds around different groups of stars which we have interpreted as evidence for
different distributions of dust in and out of the Galactic disk. The dust at higher altitudes also appears to be
more uniformly distributed with Galactic latitude.

Subject headinos: dust, extinction -- ISM: general -- reflection nebulae

I. INTRODUCTION

One of the major achievements of the Infrared Astronomical
Satellite (IRAS) was its survey of 96% of the sky in four wave-
length bands centered at 12, 25, 60, and 100 pm (for details see
the IRAS Explanatory Supplement 1986). By far the most
dominant component seen at 100 /_m is emission from the
cirrus (Low et al. 1984), dust that is heated by the interstellar
radiation field (ISRF); detailed surveys of the dust in our
Galaxy, similar to the H t surveys (e.g., Heiles 1975), can be
made (see, for example, Boulanger & Perault 1988).

In this work, we have used the IRAS Skyflux plates to study
the environment in the vicinity of 745 luminous stars. Dust
near these stars will be heated by the stellar radiation field to
higher temperatures than the cool cirrus, from which it may be
distinguished by an enhanced 61/100 inn flux density ratio.
Conversely, if there is no emission near these stars, or only
emission from the cool cirrus along the line of sight, we may
place limits on the amount of dust and, by extension, on the
amount of matter near those stars. As the distances to the stars

in our program are known (or can be estimated), the dust
distribution around those stars provides a probe of the three-
dimensional structure of the interstellar medium (ISM) in our
Galaxy.

We have found dust clouds around 106 of the 745 stars in
our survey for a number fraction of 0.14 + 0.05, slightly less
than, but still consistent with, the value of 0.2 + 0.11 found by
Van Buren (1989) for a smaller sample of stars near the Galac-
tic plane. However, many of these clouds occupy only a small
fraction of the total volume around each star, implying a much
lower volume filling factor. We will reserve discussion of the
individual clouds for a future paper, here discussing ortly the
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environment of the stars and its implications for the global
morphology of the dust.

2. DATA ANALYSIS

As mentioned above, we have examined the IRAS Skyflux
plates, which are binned in 2' pixels with an effective resolution
of 6' at all four wavelengths, in the neighborhood of 745 stars,
selected primarily from the Bright Star Catalog (Hoffleit 1982).
All of the O and B stars in the Bright Star Catalog have been
selected and, in addition, all stars of luminosity class I were
also examined. Finally, we added all the O stars in the SKVmAP
data base (Gottleib 1978). Several regions (Table 1) were
excluded from our analysis, including regions within I0 ° of the
Galactic plane, where background subtraction become prob-
lematic, and several regions of known molecular cloud concen-
trations, such as Orion or Taurus. (These regions are identical
to those excluded by Boulanger & Perault 1988.) The distribu-
tion of our target stars in galactic coordinates is shown in
Figure 1. The spectral type, apparent magnitude, and observed
B-V for each star were obtained from the Bright Star
Catalog; the absolute magnitude, temperaure, and intrinsic
B-V were read from tables in Zombeck (1982); and the
E(B-V), spectroscopic distance, and luminosity of the star
were calculated from the other quantities.

Although virtually all of the emission in the IRAS Skyflux
plates is due to dust (interplanetary, circumstellar, or
interstellar), we are interested in only that part which is
actually due to dust heated by the star in question. The remain-
der, consisting primarily of zodiacal light and the cool cirrus.
must therefore be identified and subtracted. We attempted to
develop an automated computer procedure to do this but
found that, in practice, we were limited to removing only the
smooth component of the background, leaving behind any dis-
crete structures, whether associated with the star or not. The
first step in our procedure was to _elect a region of typically
6."7 × 6_7 (201 x 201 pixels) centered on the star (this region
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TABLE I

REGIONS EXCLUDED IN OUR SLRVEY

Name Galactic Longitude Galactic Latitude

Canna .................... 245 < I < 275 -20 < b < - 10

Cepheus .... 98 < I < 141 10 < b < 22

Chamaeteon ............. 290 < I < 305 -20 < b < - 10

Galactic plane ...... 0 < I < 360 - l0 < b < 10

LMC ...... 273 < 1 < 286 -38 < b < -30

Lupus ............... 315 <I< 360 lO<b<30

Ophiuchus ................ l < 50 t0 < b < 20

Orion ..................... 190 < 1 < 220 -22+5 < b < - 10

Perseus ................. 150 < I < 170 -32.5 < b < - tO

was smaller if the star was near the edge of a plate) and divide it

into blocks of 20 x 20 pixels. We then fitted a grid consisting of

the minimum values in each of the blocks by a quadratic

surface, which formed our estimate of the smooth background

contribution to the plate. In order to ensure that the back-

ground was not affected by large bright clouds completely

filling a block, we rejected any pixels with intensities more than

3 tr over the mean (of all the pixels) and repeated the procedure.

An example of our fit is shown in Figure 2. We obtained an

estimate of the quality of our fits from the rms deviations in a

relatively flux-free region of each plate. The average deviations

for our entire sample are 0.14, 0.20, 0.15, and 0.31 MJy sr- _ in

the 12, 25, 60, and 1130 #m bands, respectively, and are on the

same order as errors cited by other groups using similar pro-

cedures (e.g., Boulanger et al. 1990).

The remaining emission in the plate consists of not only dust

clouds heated by the star but also cool cirrus clouds only

coincidentally in the same direction as the star, and we must

differentiate between the two. Our selection criteria were that

the cloud exist as a distinct entity in the 60 /_m map (not

necessarily centered on the star) and that the 60/100/an ratio
within the cloud increase toward the star. We have found 123

such clouds (Table 2) around 106 stars, ranging in size and

brightness from the large, bright (and well-known) clouds

around ( Oph (HD 149757; Van Buren & McCray 1988) and
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FtG. l.--The distribution of the stars in our program in Galactic coordi-
nates is shown. Those stars around which we have found dust clouds are
plotted as asterisks. Note that we have excluded several regions from consider-
ation, including the Galactic plane, Orion, and Taurus. among others (_
Table | 1.
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FtG. 2.--A cut through the original Skyflux plate is shown (upper linel with
our fit to the background emission (smooth line). The lower line shows the
residual emission. Some of the overall curvature in the original plate has been
removed, without affecting the discrete features.

:t Cam (HD 30614; de Vries 1985) to those barely distinguish-

able from the background. In order to estimate the errors in

this procedure, we have performed our search twice, with dif-

ferent people, finding agreement in 638 out of the 745 total

cases, or in 86% of the cases. This difference is, however, pro-

portionately greater in the number of clouds as 123 clouds

were found the first time and 144 the second, with agreement in

67 cases. Not only is there ambiguity in deciding whether a

faint path is due to emission from dust heated by the star but

there are a significant number of bright features for which it

was a subjective decision whether there was an increase in the

60/100 _m ratio toward the star or not. Nevertheless, despite

these problems, it is clear that most of the stars in our survey

do not have detectable dust clouds nearby.

Selection effects are important in our data and two of them

are illustrated in Figure 3, where we have plotted the radius of
the clouds as a function of distance from the Sun. The first of

these biases is introduced through a finite spatial resolution of
the instrument: distant clouds must be larger in order to be

above the resolution limit (solid line in Fig. 3). In addition to

small clouds not being detected at large distances, the converse

effect is also present. This is primarily due to our selection by

apparent magnitude: the nearer stars tends to be less intrinsi-

cally luminous and thus will not illuminate a large cloud in its

entirety. That this is a factor in our results is shown in Figure 4

where we have expressed the radius of the cloud as a fraction of

the distance at which the stellar radiation field drops to the

level of the ISRF. It should be noticed that the nearby clouds

are not significantly smaller, in relation to the stellar lumi-

nosity, than those at greater distances. Another consequence of
our selection by magnitude is that we automatically discrimi-

nate against stars in high obscuration regions where there are

more likely to be dust clouds• Finally, as the more luminous
stars will both dominate over the ISRF for a larger volume of

space and heat dust within that volume to higher temperature+

we will be more likely to detect clouds around those stars

(Table 3). As a corollary, we will be more likely to observe dust
clouds around more distant stars, which tend to be intrinsically

brighter, but the clouds will be larger, due to the instrumental
resolution.
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TABLE 2

STARS WtT',-I DUST CLOUDS

Spectral Distance r, d, Density F,2 F,.s F_,o F_oo
Number HD Type I b V (pcl (pcl Ipc) (cm - J) ( x 10 s ergs s - _)

I1) !21 (3) {4) {5) (6) (7) {8) (91 IlOI (111 1121 1131 t14)

I ......... 358 B8t IV 111.7 -32.8 2.1 58 Ol 0.3 8.52 35.3 222 3.7 2.5
2 ......... 1337 09 1I! 117.6 -I1.1 6.1 1719 4.5 11.6 1.(30 9 t 45 38 4.9

3 .......... 1976 B5 IV 118.7 -106 5.6 283 17 0.8 147 51 45 43 49
4 ........ 3901 B2 V 121.4 -12.3 4.8 530 18 1.6 0.62 7.5 6.0 12.4 _5
5 .......... 4142 B5 V 121.7 -I5.0 5.7 215 0.6 0.3 1 70 2.2 2.4 3.3 2.3
6 .......... 4180 B5 IIl 121.8 - 14.6 4.5 216 0,7 0.9 2.11 6.4 2,4 2.9 2.8

7 .......... 4180 B5 1II 121.8 -14.6 4.5 216 0.8 IO 1.86 6.6 13 3.3 3.5
8 .......... 4881 B9 V 123.0 - I 1.3 6.2 108 0.4 0.2 5.48 7.7 42 50 4.3
9 .......... 1014,4 B3 V 290.8 - 58.8 0.5 80 0.2 1.8 3.6l 26.2 4.6 1.7 13

10 .......... 10205 B8 Ill 132.9 -21.3 4.9 281 0.6 0.3 0.29 3.8 4.8 1.4 0.7
11 .......... 10516 B2 V 131.3 - I 1.3 4.1 341 0.8 3.4 3.37 7.9 45 4.0 4.1

12 .......... 10516 B2 V 131.3 - 11.3 4.1 341 0.9 4.5 5.28 17.7 6.5 4.1 5.5
13 .......... 10516 B2 V 131.3 -11.3 4.1 341 0.5 2.7 2.63 23.9 11.3 2.3 19
14 .......... 13294 89 V 139.4 -21.3 5.6 85 0.1 0,2 5A8 13.9 72 1.5 13

15 .......... 17098 B9 V 250.3 -63.3 6,4 119 0.2 0.2 1.66 3.9 3.9 1.4 0,8
16 .......... 19374 BI V 163.0 - 34.2 6,1 967 3.6 3,5 0.41 10.9 13.3 3.7 3.5
17 .......... 24587 B6 V 220.0 -49.1 4.7 138 0.2 0.2 1.67 3.7 1.9 4.0 15

18 .......... 2520,4 B3 V 178.4 -29.4 3.5 302 0.9 3,2 7.64 7.4 3.1 5.0 6.6
19 .......... 25204 B3 V 178.4 -29.4 3.5 302 0.9 2.5 2.51 10.1 8.3 3.5 3.7

20 .......... 25204 B3 V 178.4 -29.4 3.5 302 0.6 1.8 1.76 5.7 2.0 3.0 2.2
21 .......... 25330 B5 V 180.8 -30.8 5.7 175 0.6 1.0 20.1 3.0 1.6 2.7 52
22 .......... 25330 B5 V 180.8 -30.8 5.7 175 0.5 0.7 4.99 9.0 3.1 2.4 3.1
23 .......... 26676 88 V 182.7 -28.4 6.2 227 0.7 0.3 11.1 15.3 11,1 26,0 19.6

24 .......... 26912 83 IV 184.2 -28.9 4.3 532 5.2 3.4 0.88 6.6 2.3 8.8 9.4
25 .......... 27742 B8 IV 175.3 - 19.7 6.0 290 0.9 0.6 2.78 80.2 7.5 2.5 2.9

26 .......... 27778 B3 V 172.8 - 17.4 6.4 746 2.4 4.0 6.66 5.0 5.3 4.6 7.6
27 .......... 28149 B7 V 174.3 - 17.7 5.5 202 1.0 0.4 7.07 17.3 6.7 18.6 16.7
28 .......... 28375 B3 V 193,4 - 30.6 5.6 765 2.2 1.8 0.52 7,4 4.9 4.6 3.5
29 .......... 29365 B8 V 177.9 -17.2 5.9 229 0.7 0.7 29.2 -6.9 5.7 4.0 8.1

30 .......... 30614 09 la 144.1 14.0 4.3 966 16.7 7.0 0.07 5.9 6.2 9.9 5.7
31 .......... 32343 B2 V 151.0 10.8 5.1 577 2.7 3.8 2.51 14.1 5.0 6.4 7.2
32 .......... 32343 B2 V 151.0 10.8 5.1 577 1.4 5.4 5.58 8.0 3.1 3.2 5.0

33 .......... 32612 B2 IV 214.3 -30.2 6.4 1626 3.3 5.3 1.16 0.1 4.4 2.9 3.5
34 .......... 33328 B2 IV 209.1 -26.7 4.3 616 4.8 2.9 0.12 8.8 1.9 3.8 2.6
35 .......... 32686 B5 IV 203.0 -25.0 6.1 348 1,3 1.0 8.01 15.8 3.8 8.8 12.8

36 .......... 33949 139 V 213.9 -27.5 4.4 53 0.2 0.2 10.4 4.7 - 1.4 3.2 3.3
37 .......... 34085 B8 la 209.2 -25.2 0.1 222 1.1 5.1 1.48 11.4 6.5 4.3 4.2
38 .......... 34085 B8 la 209.2 - 25.2 0.1 222 1.0 2.3 0.28 7.2 0.8 4.1 2.0

39 .......... 34085 B8 la 209.2 -25.2 0.1 222 1.2 5.7 1.57 9.2 8.1 4.4 4.8
40 .......... 34085 B8 Ia 209.2 -25.2 0.1 222 0.7 7.0 5.96 12.2 8.0 3.9 5,2

41 .......... 34085 B8 la 209.2 -25.2 0.1 222 1.0 6.6 2.73 10.9 3.6 3.3 4.1
42 .......... 34085 B8 Ia 209.2 -25.2 0.1 222 0.8 7.1 23.8 43.6 16.0 15.0 20.1
43 .......... 34798 B3 V 220.3 -28.4 6.4 1214 2.1 2.7 0.65 1.7 0.5 1.1 1.3
44 .......... 34816 130 IV 214.8 --26.2 4.3 649 1.3 10.1 4,68 9.5 6.3 2.1 3.4
45 .......... 35337 B2 IV 216.0 -25.7 5.2 996 2.9 7.8 2.55 5.9 3.1 2.2 3.8

46 .......... 35532 B2 Vn 188.0 - 10.3 6.2 989 5.7 2.9 0.25 7.9 3.9 4.1 3,6
47 .......... 37795 B7 IV 238.8 -28.9 2.6 76 0.1 0.3 1.94 5.5 1.3 1.5 0.9
48 .......... 42933 B3 Ill 263.3 -27.7 4.8 998 5.2 2,0 0.08 3,8 3.0 3.7 2.2

49 .......... 43955 B2 V 227.5 - !6.1 5.5 818 1.7 4.3 1.44 3.9 1,0 1.4 1.8
50 .......... 44743 B! II 226.1 - 14.3 ZO 308 3.7 7.1 0.44 6.9 4.0 3.6 3.7
51 .......... ,16064 BI V 222.4 - 10.5 6.2 1034 3.3 3.4 0.42 4.6 2.7 2.8 2.5

52 .......... 49333 B7 HI 231.4 - 10.3 6.1 541 1.6 0.8 1.33 13.9 3.7 3.1 3.3
53 .......... 50013 BI IV 242.4 - 14.5 4,0 557 t.3 9.6 9.03 5.7 5.0 2.5 4.8
54 .......... 58050 B2 V 202.5 14.2 6,4 1233 3.4 5.5 1.01 42 7.7 1,5 2.4

55 .......... 67159 139 V 230.0 12.1 6.2 121 0.2 0.2 17.9 2.7 2.8 1.4 2.0
56 .......... 68520 B6 IV 281.6 - 18.6 4.3 161 0.3 0.6 7.10 6.4 2.7 2.8 2.9
57 .......... 74375 BI II 275.8 - 10,9 4.3 635 8.8 7.6 0.29 6,4 2.7 3.4 4.5
58 .......... 83754 B5 V 248.7 27.8 5.1 169 0.5 0.4 0.68 4.9 2.4 1.6 1.2

59 .......... 83754 B5 V 248.7 27.8 5.1 169 0.5 0.5 1.44 2.9 2,3 14 13
60 .......... 89353 B9 lb 266.8 22.9 5.3 806 1.4 1.2 0.18 92.7 8.7 1.3 0.8
61 .......... 91355 B9 278.6 I1.1 5.7 108 0.2 0.2 28.9 5.7 0.5 2.6 41
62 .......... 91356 154 278.6 I1.1 6.1 215 0.3 0.9 26.0 5.5 0.8 2.7 4.3
63 .......... 1053_]3 B9 V 296.0 11.5 6.4 125 0.5 0.2 3.57 19,0 11.3 8.0 5.8

64 .......... 105521 B3 IV 294.4 20.9 5.5 935 1.9 4.3 3.15 4,9 2,4 3.5 47

65 .......... 105521 B3 IV 294.4 20.9 5.5 935 2.4 2.3 0.47 7.1 4.2 4.0 3.0
66 .......... 108257 B3 V 299.0 11.2 4.8 580 4.8 2.5 0.87 4.0 2.5 6.1 6.5
67 .......... 116658 BI III 316.1 50.8 1.0 162 0.8 t,9 0.25 8.6 8.8 5.8 2.3

68 .......... 119361 B8 III 313.2 19.8 6.0 447 1.2 0.9 1.78 6.4 4_5 1.6 2,2
69 ......... 119605 GO lb 321.0 44.8 5.6 816 1.4 0.8 0.92 3.2 3.6 1.4 1.5
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Spectral Distance re d, Density F_ z F, 5 F_,, F_0 o
Number HD Type 1 h V (pcl IpCl Ipc) Icm- 11 ( ,_10 _ ergs _;- _)

(el (21 131 (4) 151 (6_ 171 _8) 19) 1.101 1.111 (12) 1.t31 _,14_

70 ......... 120307 B2 IV 314.4 19.9 3.4 433 0.9 3.6 0.97 4.4 2.7 2.5 2.0
71 ......... _.20307 B2 [V 314.4 199 3.4 433 1.1 30 0.40 44 1.9 2.7 I 9

72 ...... 120640 B2 V 313.5 14.7 5.8 892 2.9 4.7 1.50 71 4.3 3.4 4.7
73 .......... 121263 B2 IV 314.1 14.2 2.5 291 I1 5.3 2.97 118 6.8 4.3 50
74 .......... 1247'71 134 V 306.9 - 18.0 5.1 155 0,8 0.4 3.75 31 4.3 95 7 2

75 .......... 128220 07 Ill 20.1 64.9 8.5 3158 8.2 71 006 5.6 38 I 7 I 3
76 .......... 135742 B8 V 352.0 39.2 2.6 54 0.1 0.2 3.96 12.9 6,5 2.3 t 5

77 .......... 141527 GO I 45.1 51.0 5.8 3526 8.1 1.6 0,06 66.3 10.0 19 1,2
78 .......... 149630 B9 V 66.9 42.7 4.2 43 0.0 0.2 5.93 6.3 2.7 0.9 0.5
79 .......... 149757 09 V 6.3 23.6 2.6 168 1,0 7.9 10.8 19.4 14.6 15.3 20.7

80 .......... 151525 B9 22.9 29.8 5.2 71 0.1 0.2 20.8 5.9 34.9 1.8 2,3
81 .......... 153261 B2 IV 330.7 -10.3 6,1 1135 2.0 5.4 2.47 8.8 4.4 3.2 3.9
82 .......... 157246 BI I 334.6 -11.5 3.3 688 3.0 9.8 0.91 7.8 7.9 6.1 64

83 .......... 157246 BI I 334.6 - 11.5 3.3 688 3.6 13.1 1.70 10.7 6.3 6.5 90
84 .......... 158148 B5 V 42.7 27.3 5.5 205 0.4 0.7 7.25 21.7 14.8 1.1 1.5
85 .......... 159O82 B9 V 35.0 22.9 6.4 121 0.3 0,2 10.6 6,3 2,4 2.5 30
86 .......... 163506 F2 lb 51.4 23.2 5.5 Illl 3.5 0.3 0.14 114.5 35.8 4.8 2.1

87 .......... 166014 B9 V 55.2 21.6 3.8 37 0.0 0.2 10.4 3.3 3.5 13 1.0
88 .......... 167257 B9 V 343.1 - 15.7 6.1 110 0.2 0.2 4.92 7.5 5.9 2.0 1.8

89 .......... 167756 BO la 351.5 - 12.3 6.3 3301 10.5 15.4 0.27 9.5 7.7 5.8 5.9
90 .......... 172958 B8 V 60.8 15.7 6.4 282 0.5 0.3 2.96 - 1,3 -0.2 1.8 1.7
91 .......... 175360 B8 12.5 -11.3 5.9 220 0.8 0.2 0.95 34.8 18.8 5.0 34

92 .......... 175876 06 t5.3 - 10.6 6.9 274l 9,6 5,3 0,08 75.5 43,4 10.2 5.3
93 .......... 176502 B3 V 70.9 16.0 6.2 1138 3.0 3.3 1.14 2.3 1.1 2.2 3.0
94 .......... 177817 B8 IV 20.0 - 10.7 6.0 327 0.8 0.4 1.82 19.0 15.5 5.0 a.l

95 .......... 181615 B2 V 21.8 -13.8 4.6 356 0.7 1.7 1.41 174.7 3!..6 5.1 2.7
96 .......... 181858 B3 IV 29,1 - 10.6 6.7 1524 2.8 1.9 0.17 6.5 5.4 2.7 1.7
97 .......... 184915 BO II 31.8 - 13,3 4.9 689 1.4 7.5 2.41 8.5 10.5 3.5 3.8
98 .......... 186042 B8 2.1 -25.9 6.2 234 0.5 0.5 8.11 1.5 0.0 2.4 3.5

99 .......... 189775 B5 III 86.0 t1,5 6,2 541 0,9 0.9 3.55 106.1 16.7 3.6 3.5
100 .......... 191639 B1 V 34.0 -21.7 6.5 1204 2.9 2.6 0.20 7.1 8.6 2.7 1.9
101 .......... 191692 B9 II 41.6 -18.1 3.2 46 0.2 0.4 48.3 12.8 11.7 3.9 6.7

102 .......... 193924 B2 IV 340.9 -35.2 1.9 213 0.4 3.9 3.19 9.3 7.1 2.6 2.3
103 .......... 193964 B9 V 96.5 14.4 5.7 92 0.2 0.2 5.10 3.7 0.5 1.7 1.4
104,.......... 196519 B9 III 328.4 -35.6 5.2 I09 0.2 0.2 4.67 3.0 3.2 2.0 1.9

105 .......... 196740 B5 IV 67.0 - 10.3 5.0 228 0.7 0.7 2.41 4.1 2.5 3.0 3.1
106 .......... 199140 B2 Illv 72.8 - 10.5 6.6 1858 4.3 2.0 0.07 4.0 1.8 4.0 1.8
107 .......... 204867 GO Ib 48.0 -37.9 2.9 229 0.5 0.8 2.04 4.2 5.4 1,7 1.8

108 .......... 209409 B7 IV 57.4 -42.7 4.7 178 0.5 0.5 1.77 6.0 6.1 2.7 2.3
tO9 .......... 209833 B9 V 84.5 -21.3 5.6 89 0.2 0.2 16.3 2.9 1.8 2.0 2.8
110 .......... 212710 !t9 V 120.2 24.1 5.3 73 0.1 0.3 76.3 1.8 2.4 0.8 1.7
111 .......... 212883 B2 V 93.6 - 17.0 6.5 1172 3.1 1.0 0.5 4.1 7.5 3.5 1.3

112 .......... 214168 B2 V 96.4 -16.1 5.7 863 4.1 3.2 0.44 5.0 2.5 4.4 4.2
113 .......... 21,t680 09 V 96.7 - 17.0 4.9 769 2.7 6.2 0.49 8.9 4.0 4.0 3.6
114 .......... 214680 09 V 96.7 - 17.0 4.9 769 1.7 6.3 i.09 5.1 4.6 3.8 3.5

115 .......... 214993 B2 Ill 97.7 -16.2 5.2 1031 3.6 3.9 0.24 9.8 4.7 4.1 32
t 16 .......... 216200 B3 IV 1130.0 - 15.5 5.9 917 1.9 4.7 2.46 2.5 2.0 1.7 2.5
[ 17 .......... 217101 B2 IV 1130.1 - 18.5 6.2 1399 4.5 3.9 0.4.4 8.2 3.7 5.3 4.7

1t8 .......... 217675 B6 Ill 102.2 -16.1 3.6 148 1.0 0.6 1.83 7.2 3.4 9.0 6.4
119 .......... 217811 B2 V t03.1 - 14.6 6.4 937 2.8 3.1 0.51 3.8 5.5 2.8 2.6
120 .......... 219927 B8 1II 102.3 -24.4 6.3 523 1.2 0.6 0.93 5.8 4.9 2.7 2.3
121 .......... 222173 B8 V 109.0 - 17.6 4.3 116 0.3 0.3 2.79 4.9 4.5 1.6 1.5

122 .......... 222304 B9 V 111.3 -10.8 5.3 77 0.2 0.2 13.49 4.7 1.6 1.2 1.7
123 .......... 223145 B3 V 326,6 -63,9 5,2 737 1.5 1.9 0.30 4.9 1,9 1.4 1.1

Nor_.--Col. (7) is the spectroscopic distance of the star from the Sun. Cols. (8) and (9) are, respectively, the distance of the cloud from the star, as
defined by the average 60/100 jan ratio in the cloud _see text), and the average radius of the cloud, assuming a spherical cloud. Col. (tO) is the average
density in the cloud using the IO0,am flux density. Cols. (11) through (14) are, respectively, the average 12, 25, 60, and 100#m flux densities of the cloud.

In order to model the emission from the dust near the star,

or to place upper limits on the amount present, we simply set

equal the heat input from the star into the dust, calculated

using a Kurucz model (Kurucz 19791 of the appropriate tem-

perature multiplied by a dust absorption profile from Draine &

Lee 119841, and the radiation emitted by the dust as a function

of the dust temperature, again using optical constants from

Draine & Lee. The predicted signal in each of the IRAS bands

was found by convolving the calculated dust emission profile

with the instrument response function. In Figure 5, we ha_e

plotted the expected emission at 1130 _zm from stars of several

spectral types placed in a uniformly distributed medium of

density 0.1 cm-3 as a function of distance from the star. (The

density of the dust is quoted here, and elsewhere in this work.

in terms of the equivalent amount of H I, assuming the canon-

ical gas to dust ratio of 5.8 × 1021 atoms cm - 3 mag - _; Bohlin.

Savage. & Drake 1978. Note that this is implicit in the Draine

& Lee model.)
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FtG. 3.--The radius ofeach of our clouds is plotted as a (unction ofdistance
from the Sun. Clouds which fell below the solid line cannot be detected in our
survey because of the finite spatial resolution of the instrument. In addition,
large clouds near the Sun are not detected because the nearby stars are, in
general, too intrinsically faint to illuminate large clouds in their entirety.
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FIG. 4.--The radius of the cloud divided by the distance at which the stellar
heating drops to the level of the ISRF (R,) is plotted against distance from the
Sun. From this plot, we see that the tendency for the nearby detected clouds to
be smaller is probably due to the lower luminosities of the closer stars and thus
is an observational artifact.

3. RESULTS AND DISCUSSION

3.1. Cloud Properties

In the present work, we are concerned only with the group
properties of the cloud listed in Table 2 and so have used

several approximations to characterize them• We have

assumed spherical clouds with a radius given by the average

length over two orthogonal axes (defined by the plate in
question) at a distance from the exciting star such that the
predicted 60/100 _m ratio is equal to the observed value

(defined as the average over the entire cloud). The amount of
dust in each cloud was estimated by calculating an emissivity
per grain based on the ratio of the 60/100 tam emission in each

pixel, dividing into the observed emission in that pixel, and

summing over all the pixels in the cloud. Finally, the average

density in the cloud was obtained by dividing by the volume.

We have tabulated the average properties of the detected

clouds in Table 4. We find an average cloud radius of 1.9 pc
and an average (equivalent H I) density of 0.2 cm - 3. However,
there is a wide variation in cloud sizes and most have a radius

of less than 0.5 pc and a density of less than 0.05 crn -3, as may
be seen from the histograms in Figures 6 and 7. The column

density through one of these clouds is typically less than about

l0 t9 cm -2. Their properties are strongly reminiscent of the

warm clouds (warm, ionized medium) in the McKe¢ &

Ostriker (1977) theory, of which one example may be the local
cloud around our Sun (Bruhweiler & Vidal-Madjar 1987).

We can calculate an average intercioud distance by noting

that the total volume of space probed in our program is

TABLE 4

CLOUD PROPERTIES

Parameter Value

Total number of clouds ...............................
Total volume of clouds ...............................
Total number of atoms ...............................
Average density .......................................
Total volume probed .................................
Total radiation emitted by clouds ....................
Total stellar radiation .................................

Average cloud radius .................................
Average cloud distance from star ....................

123
4.3 x 10'LPC3
2.8 × 10s* atoms
0.22 cm - _

6.3 × 106 pc_
3.7 × 103s ergs s-
4.0 × 10_° ergs s-
1.9 pc
2.8 pc

6.3 x 10 _ pc3, where the volume probed by a star is defined to

be that region in which the stellar radiation field exceeds the

interstellar value. As we detect 123 clouds in this volume, this

implies that there is one cloud per 5.1 x 104 pc 3 or that there is

an average of 46 pc between clouds. This is much larger than

the intercloud distance of 12 pc (for the warm, ionized clouds)

in McKe¢ & Ostriker (1977). The total volume of space

occupied by our clouds if4 x 10 'L pc _ leading to a filling factor

of 0.006, much lower than the 0.23 in the McKee-Ostriker

theory.

This is a very low filling factor, and it is important that we

understand both what we are measuring and the uncertainties

in our procedure. Unfortunately, because of our observational

biases, we do not sample a complete cloud distributed at any

point and it is difficult for us to estimate by how much we

TABLE 3

STELLAR LUMINOSITY EFFECTS

Parameter L. < l0 Jr ergs s-t L, > 10_r ergs s-m

N umber of stars ....................................... 550
Number of stars heating dust ........................ 52
Number of clouds ..................................... 55
Fraction of stars heating dust ........................ 0.09
Average number of clouds per star ................... 1.06
Average cloud radius Ipc) ............................. 059

195
54
68

0.28
1.26
2.99
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Fro. 5.--The emission seen from the dust at the given distance from the star
is plotted for several different spectral types, assuming a uniform dust distribu-
tion of density 0.1 cm -_. The radiation field from a hot star may light up dust
clouds for many parsecs around.
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FIG. 7.--A histogram of the density of the clouds is plotted in 0.5 cm -_
bins. The distribution is heavily weighted to less dense clouds. The last bin
contains all densiti_ of 10 era- 3 or higher.

undercount the number of clouds. The average distance

between clouds is dependent only on the inverse cube root of

the number of clouds and is thus relatively robust; however,

the filling factor is dependent on the total volume of the clouds

and thus may be in error by a considerable amount, although it

is difficult to imagine that we are missing over 95% of the
warm material. Our data are not consistent with the conclu-

sion of Kulkarni & Heiles (1987), based on a number of Ha

measurements (see Reynolds 1990a), that the filling factor of

the warm gas was 0.5 and the filling factor of the warm, ionized

medium (WIM) was 0.11, unless the special environment we

are probing has been cleared of dust by the stars themselves.
Considering our selection effects, it is difficult to know just

which parameter is a true estimator of the cloud distribution

and, pending further modeling, we have chosen to u_ the frac-

tion of stars in our survey which heat nearby dust as our

estimator. In the interest of less involved sentences, we will

hereafter refer to this quantity as simply the fraction of stars
with dust.

The latitude dependence of the fraction of stars heating dust

is tabulated in Table 5 and illustrated in Figure 8 (plus signs).
This dependence is fitted reasonably well by a cosecant law

(solid line) except at the highest latitudes, where the sample size
is small. If, however, we break the stars into groups, based on

intrinsic luminosity, we find that only the less luminous stars

(asterisks in Fig. 8) follow a cosecant law. Not only do a greater

fraction of the bright stars heat nearby clouds (diamonds in

Fig. 8; of. Table 3), but the distribution falls of much more

slowly with increasing Galactic latitude, perhaps reflecting a

more uniform distribution of dust once out of the plane of the
Galaxy. It should be cautioned that a much more rigorous

approach, including Monte Carlo simulations of the cloud dis-
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FiG. 6.--A histogram of the number of clouds as a function of radius is

plotted, The bin size is 0. I pc and the last bin contains all clouds of radius 10 pc

or greater. Despite the spatial resolution of the instrument, which places a
stringent lower limit on the si_ of a cloud which can be detected tdepending
on distance}, _his distribution is heavily peaked to smaller clouds.

TABLE 5

DtST'RIIILrr[oNOF CLOUDS WITH L^'I'['ITUOE

Number of Fraction of
Latitutde Total Number Stars with Stars with

Rang,e of Stars Dust Dust

Ib I > 50 ................ 79 6 0.076
< Ibl < 50 ......... 71 4 0.056

30 < IbI< 40 ......... 92 9 0.098
20 < Ibl < 30 ......... 203 28 0.138
10 < Ibl < 20 ......... 300 59 0.197

Stars of L. < lO_" ergs s - t

tbl > 50 ................ 67 1 0.015
40 < l bl < 50 ......... 62 4 0.065
30 < Ib I < 40 ......... 74 5 0.068
20 < Ibl < 30 ......... 164 16 0.098
10 < Ibl < 20 ......... 183 26 0.142

Stars of L, < 105, ergs s-

Ibl > 50 ................ 12 5 0.417
40<1b1<50 ......... 9 0 0
30 < Ibl < 40 ......... 18 a 0222
20 < Ibl < 30 ......... 39 12 0.308
I0 < Ibl < 20 ......... 117 33 0282

oF OUA II"Y
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FIG. 8.--The fraction of stars heating nearby dust clouds is plotted as a
function of latitude Iplus sign_). The distribution is fitted reasonably well by a

cosecant law (solid line). We have divided the stars into two groups based on
whether their luminosity was less than or greater than 10 3'7 ergs s-I and
plotted the latitude dependence of the clouds around each group of stars as
asterisks and diamonds, respectively. Although the clouds around the less
luminous stars (which lie largely in the Galactic plane) still are consistent with

a cosecant law, the clouds around the brighter stars appear to follow a much

flatter distribution, albeit with poorer statistics, perhaps indicating a more
uniform distribution of dust away from the plane.

tributions, will be necessary to ensure that our results are not
simply due to selection effects.

The z dependence of the clouds is listed in Table 6 and
plotted in Figure 9. The luminosity effects completely mask the
relation with height above the Galactic plane for the entire
sample, as the fraction of intrinsically bright stars increases

'0 L I I I -' ' ' _ I ' ' '

/

E

32 _ °
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FiG. 9.--The z dependence of the fraction of stars with clouds is plotted for
stars with a luminosity less than 10 J' ergs s- 1 (asterisks) and for those with a

greater luminosity (plus signs). The two groups follow different distributions
and the best-fit iarbitrarily weighting each point by the square root of the
number of stars in that bin) exponential distributions to each (solid lines) have

scale heights of 140 and 540 pc, respectively. This may reflect two populations
of dust, one in the plane of the Galaxy (where the cooler stars in our survey
tend to lie) and another with a more extended distribution. We detect several

clouds at distances of more than I kpc from the Galactic plane, more than
would be expected even with a scale height of 500 pc from the dust.

HENRY

TABLE 6

DISTRIBUI'IO",; OF CLOUDS ',&,'rl'H HEIGHT J,BO",E PL.,_',,_

Vet. 401

Total Number of Fraction of
Height above Number Stars *ith Stars

Plane of Stars Dust Dust

z < II)') pc ..................

100pc < z < 200pc .....
200 pc < z < 300pc .......

300pc < : < 400pc ......
400pc < : < 500pc ........
500pc < z < 1000 pc .......
IO00pc < z .................

384 46 0 120
163 23 0.141
86 15 0 1_4
47 8 0 170

18 5 02_8
36 7 0194
11 2 0182

Stars of L, < 10_" ergs s -_

z< IOOpc ...................
100pc < : < 200pc ........

200pc < : < 300pc ........
300pc < : < 400pc ........

400p¢ < : < 500pc ........
500pc < : < lO00po .......
1000po <., .................

370 39 0 105
129 I 0 0.078

32 I 0.031
10 0 O000
2 1 0.500
7 1 0.143
0 0

Stars of L, > 103_ ergs s-t

z < 100pc ................... 14 7 0.500

100pc < : < 200pc ........ 34 13 0.382
200po < z < 300pc ........ 54 14 0.259
300 pc < : < 400 pc ........ 37 8 0.216
_ _ < Z < 5_ _ ........ 16 4 0.250
500pc < : < 1000 pc ....... 29 6 0.207

1000 po < z ................. II 2 0.182

with distance, and we have plotted only the fraction of stars
with dust for the two luminosity subdivisions in the figure.
Aside from the normalization, we find exponential scale
heights of 540 pc for the fraction of luminous stars with dust
and 140 pc for the less luminous stars, consistent with the idea
of two different distributions being sampled by the different
stars. These values are comparable to the scale heights of 100-
500 pc found from surveys of H t (Lockman, Hobbs, & Shull
1986) and cold cirrus (Burton et al. 1986). There are, however,
significantly more clouds far from the plane than would be
expected from even a 500 pc scale height, perhaps due to radi-
ation pressure from Galactic plane stars (France et al. 1991).

It is difficult to compare these results directly with other
studies of the distribution of interstellar matter, either from
observations of the gas, namely H [(e.g., Heiles 1976; Burst•in
& Heites 1978) and CO (e.g., Sanders, Scoville, & Solomon
1985), or from observations of the dust (e.g., Knude 1979; Feit-
zinger & Stuwe 1986), because of the very different method and
selection effects involved, It is not obvious that the different
methods will even select the same population of clouds; the
giant molecular clouds (GMCs) of Sanders et al. are obviously
a very different population from our sample. We are probing
the environment near a number of luminous stars where the
dust, and presumably the gas, will be heated by the radiation
field of the star and we have tentatively identified our clouds as
part of the WIM of McKee & Ostriker (1977), which will be
essentially undetectable by, at least, radio observations. Con-
versely the other methods probe the general ISM and tend to
be more sensitive to the cold, neutral medium (CNM).

On the other hand, the low densities in our clouds are
similar to the 0.02 cm - 3 for the average cloud of Knude ( 1981 )
from uvby_ photometry of A and F stars. Knude also found a
lower limtt of 0.7 pc for his distribution of cloud sizes which he
hypothesized as either a selection effect or a true lower limit

of _ QuAurrY
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below which clouds evaporated rapidly• Many of our clouds

are, in fact, smaller than this value even though the environ-

ment near the luminous stars of our survey is likely to be

harsher than the region probed by Knude and hence it seems

likely that the lower limit was indeed a selection effect.

Fcitzinger & Stuwe (I986), using a complete and uniform set

of dark clouds, derived the number density of dark clouds,

presumably representing the CNM, to be 8 x 10- _ pc-3

within 250 pc of the Sun dropping to 10 -5 pc -J within 500

pc s (and to 10 " pc 3 within 10130 pc). We obtain a value of

2 × 10- _ pc- 3 within 200 pc of the Sun for our diffuse clouds,

perhaps indicating that the warm, diffuse clouds we sample are

less numerous than the colder variety. Again, we will have to

examine our selection effects carefully before drawing firm
conclusions.

3.2. Gas Densities

Probably one of the most important and secure results in

this work is the low density around our program stars. We

have calculated the density in a series of concentric circles

around each of the 745 stars assuming that all the emission

above the background at 60 ,urn is due to thermal emission

from dust uniformly distributed around the star, with optical

constants from Draine & Lee (1984). An associated error for

each point was calculated using the rms deviations of the back-

ground in the respective plate, and a weighted average over all

the stars was derived (Fig. 10). (It is important to realize that

what we call the density is, strictly, not the actual density but is

instead an upper limit, including the effects of cool cirrus spa-
tially distant from the star.) The density we derive around each

star depends on both the amount of emission nearby and on
the strength of the stellar radiation field while the a's of the

density depend on the rms error of the appropriate plate
(essentially the same for all the plates), and on the stellar lumi-
nosity. Thus the errors will be least near the brightest stars, and

the average density will be dominated by the densities near

those stars. Most of the contribution to this average comes

from two stars (( Oph and Spica) for which there is enough
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F_G. 10.--The upper limits on the density (using the 60 ,urn data) near each
of the stars have been weighted by the appropriate error bars and summed to
yield an average upper limit on the density as a function of distance from the
star {solid line). This density is heavily weighted by two stars (,_Oph and Spica),
both of which have nearby dust clouds, and if we exclude them, we find a much
lower average upper limit of 0.05 era - _{dashed line).

:r" !

FtG. l t.--Another view of the low densities near the stars in our survey is
to show the fraction of stars with densities below the given value. The change
in the slope of the contours is caused by our including only stars for which the
heat input into the dust exceeds the interstellar value and thus, as we probe
farther away from the star. only the most luminous stars--which have better
upper limits--are included. At 5 pc from the star, we see that _he upper limit on
the gas density is tess than 0•05 era - s for about 50% ofthe stars and lessthan
0.1 crn -_ for about 80% of the stars {including those stars with dust clouds
detected nearby).

emission at 60/_m combined with a strong enough stellar radi-

ation field that they dominate the density and, if we exclude

these two stars, the upper limit on the density drops from

about 0.12 cm - 3 to 0.05 crn - 3 (dashed line).

Another view of this information is presented in Figure 11

where we have plotted the fraction of stars with a density lower

than the abscissa in a volume of radius given by the ordinate;

for example, the density of the matter within 6 pc of the central

star is less than 0.1 cm- a for 80% of the stars. The shape of the

contours in the figure are an artifact of our processing; as the

distance from the star increases, we only use those stars for

which the stellar radiation field is greater than the ISRF. Thus,

at large distances from the central star, we are probing only

intrinsically bright stars which will, as discussed above, have
more restrictive limits on the amount of nearby dust. If we

were to consider only those bright stars, the contours in Figure
11 would b¢ even more restrictive near the star, emphasizing

the paucity of dust in our survey.
The exact value of the density is independent on several of

our assumptions. The albedo in our model is near 0.5, as given
by Draine & Lee (1984). There is, however, evidence that the

grains are actually much blacker in the far-ultraviolet (Murthy,
Henry, & Holberg 1991; Hurwitz, Bowyer, & Martin 1991)
which would drive the densities to even lower values. It has

become clear from many studies (see Desert, Boulanger, &

Puget 1990 for a summary and references) that a significant

part of the 60 _m emission arises from transient heating of

small grains, which comprise only a small part of the entire

dust population by mass. The Draine & Lee (1984) model does
not include this emission and thus the actual density should

again be lower. We have also assumed that there is no contri-

bution to the heating from photons below 912 ,_, perhaps not
true for the low densities found in this work. On the other

hand, we have ignored extinction by whatever material is

between the star and the point under consideration which

would lower the radiation field and thus the heating at that

ORSG|NAL PAGE lie
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point, increasing the derived density. Finally, the derived gas
density depends on the assumed value of the gas-to-dust ratio.
We have used a constant ratio of 5.8 × 1021 atoms cm -_
mag-_ Bohlin et al. 1978); however, there are strong indica-
tions that this value, in fact, varies by at least a factor of 4 in
different directions (Burstein & Heiles 1978) and may vary
even more near the luminous stars in our study.

A related issue is the amount of stellar energy which escapes
the immediate vicinity of the star and contributes to the ioniza-
tion and energetics of the gas in our Galaxy. The total amount
of energy emitted in the IRAS bands by all of the dust clouds is
3.7 × 1036 ergs s- i which is 10 -_ of the total stellar emission.
Assuming that about 50% of the total output from the dust is
emitted in the IRAS bands (Desert et al. 1990), less than 1% of
the stellar luminosity is reprocessed near the star, in accord
with many other studies of the redistribution of stellar
photons. These results are not affected even if we use all of the
emissions near the star (Fig. 12), rather than just that part in
the clouds identified.

Similar conclusions have been drawn by both Leisawitz &
Hauser (1988), who have found, from a study of several OB
clusters, that less than 10% of the stellar flux is absorbed
within 50 pc of the stars after the stars have moved away from
their prenatal molecular clouds, and by Reynolds (1990b) from
the high ionization in the local ISM (within 100 pc of the Sun).
There are not enough nearby sources to maintain this ioniza-
tion and therefore UV radiation from O and B stars in the
Galactic plane must be reaching the solar neighborhood,
implying that there must be paths of low optical depth over
that distance.

4. SUMMARY

We have detected 123 clouds (Table 2) around 106 of a
sample of 745 stars for a number fraction of 0.14 + 0.05. These
clouds are similar in properties (Table 4) to those clouds which
make up the WIM of McKee & Ostriker (1977) and may form
a subsample of that group. If we ignore selection effects, impor-
tant as they may be in this work, we obtain an average inter-
cloud separation of 46 pc and a volume filling factor of 0.006,
much lower than the 0.23 in the McKee-Ostriker theory. There
is very little material around the stars except for the clouds,
and we place upper limits of abut 0.05 era- 3 on the average gas
density, which is weighted heavily by the emission near the
brightest stars in our survey. We note that this implies that the
density of any smooth component of the ISM must be less than
this value and that most of the matter must be in the form of
discrete clouds, either the diffuse clouds we sample or cold,
dark clouds. As a corollary, most of the stellar ionizing flux
escapes the neighborhood of the stars into the ISM as a whole.

The latitude dependence of the clouds is fitted reasonably
well by a cosecant distribution, except at high galactic lati-
tudes. If one restricts the sample to only the most luminous
stars, the falloff with increasing latitude is much less, perhaps
reflecting a more uniform distribution of dust once out of the
Galactic disk. If we divide our sample into two groups based

,.t- ...
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FiG. [Z--The emission within a series of circles around the central star is

plotted as function of the radius of the circle as a percentage of the total stellar
luminosity. Even within 10 pc of the star, much less than 1% of the stellar flux
is emitted within the IRA$ bands.

on luminosity, we find exponential scale heights of 140 and 540
pc for the less luminous and more luminous stars, respectively,
again perhaps reflecting differing distributions of dust. We
have also found significant numbers of clouds at quite large
distances from the Galactic plane.

If our tentative identification of these clouds with the WlM
is correct, studying their distribution will yield important clues
to the nature of the ISM. We plan to perform Monte Carlo
simulations to further understand our observed distribution
and the selection effects inherent in our method. We are also
studying the individual clouds to study the effects of stellar
processing on the dust grains. With the wide range in the
radiation fields in our survey, both in intensity and in hardness,
we hope to be able to pin down the variations in the properties
of the dust as a function of radiation processing and thereby
place strong constraints on the physical nature of the dust.
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ABSTRACT

Murthy, Walker,& Henry (1992)examined745O, B,F andG starson theIRAS

Skyflux plates,and 123cloudsnear106starswerefound. We haveperformedfurther

modelingto understandthestatisticalclouddistributionin theinterstellarmedium. We

wereunableto find a singlecomponentfit to theentiredataset,however,if we ignored

theluminousO stars,a modelfit with theparameters:filling factor= 0.166,scaleheight

z = 131, a radius power-law exponent o_ = -2.39 and a density power-law exponent

13= -1.0 was found where the filling factor includes material in the density ranges 0.001-

100 H cm-3. There was much less dust in the vicinity of the O stars. We find a filling

factor of (0.02 ÷o.0n ,_for dust of density greater than ~10.0 H cm -3 to which we are. 0.005 z

complete.

Subject Headings: interstellar: matter - nebulae: reflection



1. INTRODUCTION

Themaincomponentsof theemissiondetectedby theInfraredAstronomical

Satellite(IRAS) in the60and100gtmbandsaredueto zodiacallight andcool cirrus

cloudsheatedby theinterstellarradiationfield (ISRF). Someof thesecloudsmaylie

nearenoughto aluminousstarthatdustheatingdueto thestaris sufficientto let the

discretecloudbedistinguishedfrom thecoolercirrusclouds. By surveyingluminous

starsat knowndistancesfrom thesun,aroughthreedimensionalmapof thedust

distributioncanbeobtained.Furthermore,if we treatthestarsasarandomsamplingof

the interstellarmedium(ISM), wecancompareourobservationsof dust-heatedcloudsto

modelclouddistributionsin theISM. This is apowerfulprobeof thestatistical

propertiesof theISM, includingits filling factor andthedegreeto whichmatteris

distributedrandomly.

Thefirst attemptat suchobservationswasperformedby VanBuren(1989),who

lookedata limited regionof theskyneartheGalacticplaneandfound avolumefilling

factor of 0.2:1:0.1. More recentattemptshavebeenmadeby Murthy, Walker& Henry

(1992),who lookedata sampleof 745luminousstarsfrom theBright Star Catalogue

(Hoffleit 1982), excluding regions of the galactic disk, and by Gaustad & Van Buren

(1993) who looked at all 1808 O and B stars from the BrightStar Catalogue. They

found filling factors of 0.006 + 0.002 and 0.146 + 0.024 respectively. Murthy et al. set

an upper limit on the pervading gas density of 0.05 cm -3 and reported two dust scale

heights of 540 pc and 140 pc for dust associated with more luminous and less luminous

stars respectively. Gaustad & Van Buren did not attempt to set limits on the pervading

gas density or measure the dust scale height but they did suggest that the dust distribution

was trough-like near the sun and correlated with Gould's belt (Stothers & Frogel 1974).

The present work utilizes the sample of Murthy et al. and tries to understand some

of the many selection effects by using more detailed cloud distribution models and Monte



Carlosimulations.We find thattherearesignificantdifferencesin theamountof dust

nearO andB starpopulations,andwewereonly ableto find anacceptablemodelfor the

dustassociatedwith theB stars.This model,excludingO starswhichhavevery little

dustnearby,givesabetterestimateof thefilling factorfor gaswith equivalentdensities

above~10.0cm"3 to whichour surveyiscomplete. Wefind arevisedfilling factorof

(0.02÷0.01 _ which is still lower than Gaustad & Van Buren but is applicable only to dust
- 0.005"

in the higher density range. The model also shows that the best fit to the scale height of

the dust is 130 pc although there are several clouds at very high z which are hard to

explain with such a small scale height.

2. DATA SET

The survey by Murthy et al. used IRAS Skyflux plates in the vicinity of 745 stars

selected primarily from the Bright Star Catalog (see Murthy et al. for details). They

excluded regions within 10 degrees of the galactic plane and also excluded several

regions of known molecular cloud concentrations, such as Orion and Taurus. The

spectral type, apparent magnitude, and observed B-V for each star were obtained from

the Bright Star Catalog, while the absolute magnitude, temperature, and intrinsic B-V

were read from tables in Zombeck (1982), and the E(B-V), spectroscopic distance, and

luminosity of the star were calculated from the other quantities.

The Skyflux plates use only one third of the total IRAS data and have not been

processed to remove either zodiacal light or instrumental artifacts and are less sensitive

then the Infrared Sky Survey Atlas (ISSA), which are essentially Bigmaps. To quantify

the difference in the data sets, we examined a limited set of 179 stars for which we had

both Skyflux and ISSA data. We used two sets of search criteria, similar but not

identical to the methods used by Murthy et al. and Gaustad & Van Buren. Both

techniques were performed automatically by a computer program and applied equally to



theISSAplatesandtheSkyflux plates.Usingmethodonewe found26cloudson the

ISSAplates,7 of whichwerealsoon theSkyflux plates.Usingmethodtwo we found 34

cloudson theISSAplates,8of whichwereon theSkyflux plates.Therewerenoclouds

foundon theSkyflux platesthatwereabsenton theISSAplates.Thuswhenthesame

methodis appliedto thetwo differentdatasets,we find roughlya factorof four times

morecloudson theISSAplatesthantheSkyflux plates.This implies thatGaustad&

VanBurenshouldbedetectingfaintercloudsthanMurthy et al.

Figure 1showshistogramsfor theflux, surfacebrightness,densityandsizefor

boththeMurthy et al.dataandthedatafrom Gaustad& VanBuren. The flux, density

andradiusweretakenfrom columns10,15and13,respectively,in Table2 of Gaustad&

VanBurenandthesurfacebrightnesswascalculatedbydividing column 10by the

squareof column13multiplied byn. Thecloudsof Gaustad& VanBurenarelargerand

havelower surfacebrightnessanddensities.(Therewasanerror in theMurthy et al.

paperwhich mistakenlylabelledcolumn7 astheradiuswhenin fact it wasthediameter.

As a resulttheindividual clouddensitiesin column9 of theMurthyet al. paperaretoo

low bya factorof eightandtheir fiUingfactoris toohigh by thesamefactor. All other

quantifiesremainthesame.) It is apparentthatthebetterdatausedby Gaustad& Van

Burenenablethemto seelarger,lowersurfacebrightnessobjects,andthereforelower

densitymaterial. As will beshownlaterthis impliesthatthefilling factorfor Gaustad&

VanBurenshouldbehigherthanfor thePaperI clouds.

3. MODELLING

We would like to understand how dust is distributed in the galaxy by comparing

the predictions of various dust distribution models with observations. In order to make

the comparison we need to understand how dust in the vicinity of a hot star will appear to

IRAS. Thus before discussing the dust distribution models, we must construct a detailed



modelfor dustheatingandemissionin cloudsnearstars.Consideravolumeelement

dV = R 2 d.Q dr a distance R away from the illuminating star. The energy absorbed by

dust in this volume at a given wavelength is:

AE_.= .._-L_.(exp (-x_)-exp (-'c_ - dx_ ) ) (1-a_)
(1)

where L x is the luminosity of the star at a given wavelength, an is the albedo at that

wavelength, 't_ is the optical depth from the star to the volume element and d'_ is the

optical depth of the volume element. In all the clouds considered, z_ << 1, so we assume

optically thin nebulae and get:

df_

AE_= .._-Lz.dx_.(1-a_.) (2)

Using a gas to dust ratio of N./E(B-V) = 5.8 x 1021 atoms cm -2 mag -1 (Bohlin, Savage

& Drake 1978), which is used throughout this work, we have:

d'_= 1.086 A v _ 5.8x1021 = 4.9 × 10 -4 aV nHRvdr
(3)

where Ax]A,, is the extinction law of Cardelli, Clayton & Mathis (1989) with Rv=3.1, n H

is the gas density in H cm "3 and dr is measured in parsecs. Combining to get the energy

density of absorbed radiation we have

dE/dV = 1.33x10 -60 n H Left Rpc'2 erg s -1 cm -3 (4)

where

Left-,.[ L_. Ax (1-a.)dZ.
A v

(5)

Thus we see that what is important is not the bolometric luminosity but an effective

luminosity which takes account of the optical properties of the dust. Table 1 compares

the effective luminosity with the bolometric luminosity for several spectral types. The

effective luminosities in this work were calculated using Kurucz (1979) model



atmospheresfor thestarsandgrainalbedosfrom Draine& Lee (1984). Assumingthat

all theenergyabsorbedis reradiatedisotropicallyin theinfrared,theemissivityisjust

dE/4r_dV.Usingdustpropertiesfrom Draine& Lee,weequategrainheatingtocooling

andintegrateovergrainsizesto obtainthetemperature:

T = 1.54x105(dE/dVnH)l/6 = 42.0Leff381/6Rpc'l/3 K (6)

This is essentiallythesameasequation(1)of Gaustad& VanBurenexceptthatit

correctlyaccountsfor thehardnessof theradiationby usingtheeffectiveluminosity.

Table1 showsthedifferencebetweenequation(6) andthatof Gaustad& VanBurenfor

R=I pc, which is largestfor earlyB stars.Finally, with anestimateof thegeometry,one

cangeneratean imagein anydesiredIRAS bandbyconvolvingthedustemissionprofile

with theinstrumentresponsefunction.

To understandhowdustis distributedin thegalaxy,wecomputethenumberof

nebulaeweexpectto seefor eachstarfor agivenclouddistributionmodelandcompare

with ourobservations.To computetheexpectednumberof nebulafor eachstarwe

considera largevolumeof thegalaxy,s3,asshownin Figure2. ff we usespherical

cloudsof uniformdensityanddistributethemrandomly throughout the volume then we

can compute the probability for each cloud that it will be close enough to the star to be

observed. For a star with a given Left and a cloud with a given radius and density we

can compute the maximum distance (dma x) out to which the cloud may be seen given the

spatial resolution and sensitivity of IRAS. The probability that the cloud is observed is

just 4_3(dmax/S) 3. We can then integrate over all clouds to compute the expected

number of nebula for each star, with a lower size cutoff for unresolved clouds. The

predicted number of observed nebulae for any subgroup of stars can be directly

compared with the observations using a Z2 analysis. The cloud distribution model uses a

power-law distribution for the cloud radius with exponent ¢t, a power-law distribution for

the dust density in the cloud with exponent _, and a single component exponential scale



heightz. The volume filling factor is just the total volume of clouds divided by the total

volume of our sample space.

4. RESULTS

Since the radiation fields differ dramatically for different spectral types, it is

important to separate the sample of Murthy et al. into subgroups based on their effective

luminosity. Figure 3 shows a histogram of the sample binned according to Left, with

representative spectral types for each bin. Figure 4 shows a histogram of the number of

nebulae found in each bin divided by the number of stars with an estimate of the

uncertainty, assumed to be the square root of N, shown by the errorbars. We allowed the

volume filling factor, scale height and power law exponents for size and density of the

nebulae to vary freely and attempted to find the parameter values which could best

reproduce our observations. The best fit to the data using all bins is shown as plus signs

in Figure 4 and uses the parameters: filling factor=0.172, z=133, the radius power-law

exponent a = -1.23 and the density power-law exponent [3 = -0.25 which produced a

reduced X52 = 5.1.

An important assumption of this model is that the clouds are distributed randomly

with respect to the stars, and the poor fit implies this assumption is incorrect. In

particular it is apparent that fewer dust clouds are predicted near B stars than are

observed. We then attempted to fit just the B stars which correspond to the first six bins

in Figure 4. The best fit model gave the parameters: filling factor = 0.166, z = 131, a =

-2.39 and 13= -1.0 with a resulting reduced X22 = 3.85. This model is shown in Figure 4

as diamonds. Although still not particularly good, the B star fit is significantly better

than the fit for all stars. Finally the B star model predicts too many clouds for the O stars

and gives essentially the same filling factor and scale height as the fit for all stars.



Thefilling factorof 0.16for theB starsis slightly lower thanthefilling factorof

0.25of McKee& Ostriker(1977)for thewarmionizedmedium.Thepower-lawindex

for thesizedistribution0t= -2.39 is inconsistentwith thevaluect= -4.0 in McKee&

Ostrikerbut it agreeswell with thevalueot= -2.6of Knude(1981)andwith thevalueof

= -2.3of Sanders,Scoville& Solomon(1985)althoughthelatter lookedatdenseCO

cloudswhichmaynot becomparableto thecloudsin theMurthyet al. survey. Our scale

heightsareconsistentwith estimateof Nandyet al. (1978)of z = 110 pc for the agent of

extinction at 2200 A. There are few published values for the power-law index of the

density distribution but an analysis of Figure 5 in Knude (1979) gives 13- -0.5, which is

marginally consistent with our value of 13= - 1.0.

The failure of our models to predict the number of clouds near O stars indicates

that the clouds are not distributed randomly; there are far fewer clouds near O stars than

would be predicted. There are several reasons for believing that the dust is not

distributed randomly. One might expect that early type stars would tend to be younger

and still associated with their pre-natal clouds, increasing the probability of finding

clouds near those stars, however this effect would not be important for the Murthy et al

clouds since they exclude regions of star formation. Conversely, early type stars have

much more intense radiation fields and are more likely to strongly affect their nearby

environment by removing, destroying or changing the optical properties of dust. Also

since we have excluded those regions where O stars are usually found, this suggests that

the O stars in our sample are atypical in some way. This may provide an explanation for

the dearth of clouds near O stars found in this survey.

The method used to calculate the filling factor in Murthy et al. is particularly

sensitive to the estimate of the total volume probed. This volume was estimated by

determining the point at which the ISRF became equal to the radiation field of the star in

question. A second way to estimate this volume is to use equation (5) for the

temperature as a function of distance from the star. Since the temperature depends on the



distanceto the 1/3power,thetotalvolumeprobedgoesasT6, butwecanmakeamore

accurateestimateof theaverageinterstellartemperature,or moreappropriatelythe

effective limiting temperaturefor observingacloud. Figure5 showsa histogramof the

numberof cloudsasa functionof their60/100_m ratio for theMurthy et al. clouds.

Althoughmodeldependant,wehavecalculatedtemperaturesusinganemissivity

proportionalto v2andplottedthemacrossthetop. Thedistributionfalls off rapidly

below30K andthecoldestcloudobservedis 24.3+ 1.5 K where the uncertainty is found

by using the standard deviation for the cloud in the 60 I.tm band. Using the most

conservative limit of 24.3 + 1.5 K for the minimum temperature needed to observe a

cloud, the total volume probed is 6.4 + 2.4 xl05 pc 3 for all stars and 5.5 + 2.0 xl04 pc 3

for just the B stars. Using a cloud volume of 5 xl03 pc 3 for all stars and a cloud volume

of 1.1 xl03 pc 3 for B stars we obtain a filling factors of (0.008 ÷0.004_ and (0.02 ÷o.0t
. 0.002 / . 0.005/,

respectively, for dust of equivalent density greater than -10.0 Hcm -3. The filling factor

for all stars is more than a factor of two lower because the O stars constitute over 90%

of the total volume probed, independent of the method used to determine the total

volume, and there are few clouds associated with the O stars. To compare this estimate

with our model we need to remember that the filling factor of 0.166 in our model is for

dust with densities in the range 0.001-100 H cm "3. The fraction of dust greater than

~10.0 H cm "3 for our power-law of 13= -1.0 is 0.2 yielding a filling factor of 0.032 for

our model in the appropriate density range.

While it is convenient to quote filling factors as a single number, it is important to

remember that they are a function of density. Figure 6 shows the upper limit of the

filling factor as a function of density that was calculated on a pixel by pixel basis. The

upper limit was calculated by assuming that all the emission in a given pixel was thermal

emission from hot dust near the star. The space density was obtained by dividing the

intersection of our line of sight with the sphere of influence of the star into the column

density. As seen in the figure, the filling factor of dust of density greater than



--0.5 H cm "3 lies below 0.191 and for dust of density greater than -10.0 H cm -3 lies

below 0.085 for the region of space near the stars in our survey. It should be

remembered that this limit includes all the dust after smooth background subtraction, and

that the true filling factor for this density range will be lower.

5. COMPARISON WITH GAUSTAD AND VAN BUREN

Our improved value for the filling factor of (0.02 ÷ 0.01 _ is a factor of three closer
- 0.005"

to Gaustad & Van Buren's value of 0.142 ± 0.024 but is still lower by almost a factor of

ten. The difference is probably not a result of the inclusion of regions where there are

known dust clouds, since Gaustad & Van Buren's estimate of the filling factor where the

samples overlap is 0.154. One explanation proposed by Gaustad & Van Buren is that

their data set is more sensitive than the Murthy et al. data set. As was shown in Figure 1,

the clouds of Gaustad & Van Buren have lower surface brightness than the Murthy et al.

clouds and a lower density by more than a factor of ten. We have also seen in Figure 6

that the filling factor is a strong function of density and therefore the filling factors

quoted by Gaustad & Van Buren and Murthy et al. are consistent given the density of

material they are sampling.

An alternate method of computing the filling factor is that of Gaustad & Van

Buren, which is to take the fraction of stars with dust clouds centered on the star. This

valid if the stars can be treated as pointlike probes, however in the Murthy et al. data

almost half of the listed clouds do not exhibit a spherically symmetric morphology and

are not centered on the star. Using this method we obtain a filling factor of 0.07, which

is still a factor of two below that of Gaustad & Van Buren, but this is consistent with the

fact that they are observing lower density material.



6. CONCLUSION

Thetechniqueof searchingnearluminousstarsfor heateddustis apowerful

probeof the interstellarmedium. Thevalueof thefilling factorquotedin Murthy et al.

wasfoundto betoo low, mostlydueto theinclusionif O starswhich hadsurprisingly

little dustnearby.Usingthecoldestobservedcloudto determinethetotalvolumeprobed

we obtain a value of (0,008 ÷o.oo4_ and (0.02 ÷o.ot ,_for all stars and B stars respectively.
. 0.002 _ - 0.005_'

This filling factor is still lower than the value of 0.142 :t: 0.024 quoted by Gaustad & Van

Buren, but this is mostly due to the fact that Gaustad and Van Buren are observing lower

density material and the filling factors are consistent for the densities observed.

We could not fit our observations with a single component model and were

forced to fit the B stars only which resulted in a filling factor of 0.166 for dust in the

density range 0.001-100 H cm -3 in the vicinity of our program stars. There was a

significant paucity of dust near the O stars which suggests that this may be a special

environment. The small amount of dust near O stars means that a significant amount of

ultraviolet radiation must escape from the O stars and become part of the ISRF. Our

models also gave estimates of 130 pc, -2.5, and -1.0 for the scale height of the dust, the

spectral index of the cloud sizes, and the spectral index of the cloud densities respectively

in fair agreement with other published values.



TABLE l

COMPARISON OF LUMINOSITY AND EFFECTIVE LUMINOSITY

Spectral L Left T (R=lpc) Teff (R=lpc)

Type (Lsun) (Lsun) (K) (K)

(1) (2) (3) (4) (5)

B9V 95 79 15.9 15.4

B5V 830 970 22.8 23.3

B2V 5700 12900 31.4 36.0

O8V 170000 189000 55.3 56.3

Notes: Column (2) is the bolometric luminosity for the star and column (3) is the

computed effective luminosity for the same star. The effective luminosity is essentially

normalizing the luminosity to given temperature and is thus larger than the bolometric

luminosity for hotter stars and less than the bolometric luminosity for cooler stars.

Columns (4) and (5) are the dust grain temperatures computed from columns (2) and (3)

respectively.
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FIGURECAPTIONS

FIG. 1.- Histogramplots for theflux, surfacebrightness,densityandsizedistributionsin

unitsof Jy,MJy sr-1,H cm-3,and arcminrespectively.Thedottedlinesrepresentthe

datafrom Gaustad& Van Burenandthesolid linesrepresenttheMurthy et al.data. The

flux andsurfacebrightnessplotsarefor the60 I.tmband. Gaustad& VanBurenare

clearlyobservinglarger,lessdense,andlower surfacebrightnesscloudsthenMurthy et

al. which implies theyshouldobserveahigherfilling factor.

FIG. 2. - Method usedto computetheexpectednumberof cloudsfor eachstar. When

theeffective luminosity,cloudradius,density,resolutionandsensitivityof IRAS areall

given,it is straightforward,giventhedustemissionmodelin thetext, to computethe

maximumdistanceout to whichthecloudcanbeseen.Theprobability thatthecloud

will bedetectedis 4n/3(dmax/s)3andintegratingoverall cloudsgivestheexpected

numberof observedcloudsfor eachstar.

FIG. 3.- A histogramof thenumberof starsasafunctionof their effectiveluminosity

for theMurthy et al. samplewith abin sizeof 0.5ergs-1 mag1. Forreferenceatypical

spectraltypeis printedovereachbin.

FIG. 4. - A histogramof thenumberof nebulaedividedby thenumberof starsasa

functionof theeffectiveluminosityof theassociatedstarswith abin sizeof 0.5ergs-1

mag-1.Theplussignsrepresentthe lowestreducedchi-squaremodelfor all thestars

with theparameters:filling factor=0.172,z=133 pc, or= -1.23 and 13= -0.25 and a

reduced reduced Zs2 = 5.1. The diamonds are the best fit to the B stars with only the first

six data points shown and use the parameters: filling factor= 0.166, z=131 pc, (x- -2.39

and 13= -1.0 and a resulting reduced X22 = 3.85.



FIG 5. - A histogramof thenumberof cloudswith agiven60/100um ratio. Thetopof

theplot givestheequivalenttemperaturecalculatedusinganemissivityproportionalto

v2. Thecoldestobservedcloud,whichsetsa limit on thetotalvolumeprobed,is 24.3K.

FIG 6. - A plotof theupperlimit of thefilling factorfor densitiesgreaterthanor equalto

theabscissa.Theupperlimit wascalculatedonapixel by pixel basisassumingall of the

60 I.tmemissionwasdustthermallyheatedby thestarandthevolumefor eachpixel was

calculatedusingtheintersectionof our lineof sightwith thesphereof influenceof the

star. Also plottedarecurvesfor theO andB starsalone. Noticethatthefilling factoris

stronglydependanton thedensityof materialobserved.
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